Abstract -SiPM lost its performance characteristics when exposed to high dose of neutrons. However, the distinct hallmark of SiPMs, low dark count and excellent photon-number-resolving capability, can be recovered by thermal annealing. Several SiPMs from different vendors are characterized before and after exposure of up to 10 10 neutron/cm 2 dosage using a 14 MeV neutron generation source. Collectively, we established that the typical orders of magnitude increase in dark current upon neutron irradiation can be lowered substantially after processing them with a thermal annealing procedure, and single-photon detection are to some extent recovered. Moreover, we found no significant difference on neutron damaged behavior when SiPMs are irradiated at room or liquid nitrogen temperatures suggesting that there is no evidence of radiation hardening when SiPMs are operated in cryogenic temperatures.
I. INTRODUCTION
ilicon photomultipliers (SiPMs) are single photon sensitive devices with a charge gain exceeding 10 6 with a good signal-to-noise ratio. They are promising low light level photon detectors for use in high-energy physics, nuclear medicine and astro-physics. However, the possibility of using SiPMs in some areas is limited by the radiation tolerance, such as in the proposed sPHENIX, EIC, and the upgrade of CMS detectors. The two detrimental effects of radiation on SiPMs are the marked increase of dark current, 1 hence higher dark count rate and the loss of single photon number resolving (PNR) capability. Consequently, SiPMs become unusable largely because of the poor signal-to-noise ratio, limited dynamic range, and the indiscernible photoelectron spectrum.
Although the radiation hardness of SiPMs has been studied for many years, 2 no adequate solutions are found to harden SiPMs. Previous study to anneal SiPMs at <100 o C without an applied bias lowered the dark current only by a factor of two to five, 3 here we firmly established that our annealing method 4 is effective on SiPMs from various vendors, see Table 1 .
II. EXPERIMENT
Several HPK and FBK devices were exposed to primarily 14 MeV neutrons using a neutron generation source (Thermo Electron, Model MP320). One set of SiPMs was irradiated at ambient temperature while a second set irradiated by submerging them in a liquid nitrogen dewar placed in front of the neutron source, all samples were unbiased during irradiation. Samples received ~10 thermal contact with a temperature adjustable hot plate for high temperate thermal annealing at ambient room condition. The annealing temperature was restricted to <250 o C to prevent melting of the solder on the connecting electrical wire and the discoloration of the epoxy resin window on some SiPMs. To enhance the effectiveness of the annealing process, a forward bias of up to ~10 mA constant current was applied to all SiPMs during annealing.
Dark current versus bias voltage (IV) of each SiPMs were measured at room temperature using a Keysight B2987A electrometer; it was recorded in logarithmic scale while the bias voltages were scanned from below to above the breakdown voltage of the device. Single photoelectron response was characterized using a time synchronized 405 nm, 70 picoseconds laser system. Time-correlated single photoelectron signal pulses were recorded on an Agilent oscilloscope with time histogram collection mode activated. Typical single photoelectron histogram was sampled at the peak of the time-gated (20 ns gate width) single-photoelectron charge signal, see Figure 1 . The temporal width of the shaping amplifier pulse was ~100 ns. Time correlated crosstalk and after-pulses that fall outside the time gated collection window was excluded in the histogram. 
III. RESULTS
We quantify the performance of SiPM based on its low dark current and high PNR capability. We measured the IV of SiPM before irradiation, after neutron irradiated, and after thermal annealing with a constant forward bias current. All measurements were made after SiPMs returned to room temperature. It is evident that after neutron irradiation the dark currents of all SiPMs increased by orders of magnitude, 5 see Figure 1 , with poor/no photon number resolving power, middle column of Figure 1 . We found no noticeable changes on their breakdown voltages; however, their PNR capability are distinctively different. Well resolved photon number histograms are observed from before and annealed SiPMs, but not from irradiated devices. The improvement of the PNR capability and the considerably lower dark current (and DCR) is remarkable and is independent on device platforms. A representative annealing period for 10 Figure 2 . In general, after a few days of thermal annealing the normalized dark current dropped significantly for and the process is independent on the manufacturers or design structural platform. Our results showed that dark current decreases with higher annealing temperature. However, annealing to a temperature >250 o C does not further improve the performance of some SiPM and in some cases even causes degradation. Fig. 1 . Left: room temperature IV plots of (a) HPK S12572-015, (b) S13360-050, and (c) FBK VUV-HD-030 SiPMs; right: corresponding single photoelectron spectrum before, after 10 9 n/cm 2 irradiation at room temperature, and after thermal annealing. Fig. 2 . A representative trace on the increase of dark current with respect to the original state during all stages of SiPMs neutron radiation and thermal annealing process at 10 9 to 10 11 n/cm 2 dosage. The SiPMs are produced by Beijing Normal University (10 µm/pixel, ~10 5 pixels), inset is the IV plot of the device that received 10 11 n/cm 2 .
Some large-scale photon detectors are designed to operate in cryogenic temperature and are expected to receive ionization radiation. Whether SiPMs suffer degradation to a lesser extent if they were neutron irradiated in cryogenic temperature is unknown and has never been explored. If the mechanism of neutron radiation effects on SiPMs are different, it would provide an advantage for SiPMs to operate in cryogenic environment. We irradiated a set of SiPMs by submerging them in cryogenic liquid nitrogen. We measured their IV plots before irradiation, after cold irradiation, and after thermal annealing, see dashed line plots in Figure 3 . For comparison, a different set of SiPMs, but otherwise have identical characteristics, are irradiated at room temperature, solid line plots in Figure 3 . We found no significant difference on neutron damaged behavior on both sets of SiPMs. 6 Therefore, there is no evidence of radiation hardening when SiPMs are operated in cryogenic temperatures. Fig. 3 . A representative room temperature IV data set of SiPMs (HPK S13360-050) before irradiation, after 10 9 n/cm 2 irradiations, and after thermal annealing. One set of SiPMs are irradiated at ambient room temperature (solid line plots), and a separate set are irradiated by submerging them in liquid nitrogen (dash line plots). All IV plots are measured in a dark chamber after the devices returned to room temperature IV. CONCLUSIONS We characterized the performance of Hamamatsu SiPMs before and after exposure to up to 10 11 neutron/cm 2 dosage. After high temperature thermal annealing, the elevated dark current is significantly lowered and good PNR with adequate 1-photoelectron resolution are to some extent recovered at ambient temperature. The annealing is reproducible, permanent, and is a universal behavior; while the level of recovery depends on dosage and annealing temperature. Our results could extend the useful lifetime of SiPMs for use in large scale single-photon light detection in ionization radiation environment.
